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Spermatozoa must leave one organism, navigate
long distances, and deliver their paternal DNA into
amature egg. For successful navigation and delivery,
a sperm-specific calcium channel is activated in the
mammalian flagellum. The genes encoding this
channel (CatSpers) appear first in ancient uniflagel-
lates, suggesting that sperm use adaptive strategies
developed long ago for single-cell navigation. Here,
using genetics, super-resolution fluorescencemicro-
scopy, and phosphoproteomics, we investigate the
CatSper-dependent mechanisms underlying this
flagellar switch. We find that the CatSper channel is
required for four linear calcium domains that orga-
nize signaling proteins along the flagella. This unique
structure focuses tyrosine phosphorylation in time
and space as sperm acquire the capacity to fertilize.
In heterogeneous sperm populations, we find unique
molecular phenotypes, but only sperm with intact
CatSper domains that organize time-dependent
and spatially specific protein tyrosine phosphoryla-
tion successfully migrate. These findings illuminate
flagellar adaptation, signal transduction cascade
organization, and fertility.INTRODUCTION
Freshly ejaculated mammalian spermatozoa are unable to fer-
tilize. In the female reproductive tract, sperm undergo changes
that enable them to fertilize in a process called capacitation
(Chang, 1951). Well-established cellular changes during capac-
itation include an increase in intracellular calcium and abundant
tyrosine phosphorylation of flagellar proteins (Baldi et al., 1991;808 Cell 157, 808–822, May 8, 2014 ª2014 Elsevier Inc.Visconti et al., 1995a). Calcium signaling specificity is accom-
plished via the ion’s spatiotemporal localization. Precise subcel-
lular localization and scaffolding of Ca2+ channel complexes with
signaling cascades is essential in specialized cells (Clapham,
2007). Mammalian sperm, a highly specialized cell, has elabo-
rate cytoskeletal structures in the tail for motility regulation.
Hyperactivated motility, a powerful, asymmetric, whip-like
motion of the tail, is the physical manifestation of capacitation
(Yanagimachi, 1994). Hyperactivation requires CatSper, a
flagellar-specific andCa2+-selective channel encoded by at least
seven genes (CatSpers1–4, b, g, and d). Male mice lacking any of
the CatSper1–4 or d genes are infertile (Chung et al., 2011; Qi
et al., 2007; Quill et al., 2003; Ren et al., 2001), as are human
males with loss-of-function mutations (Avenarius et al., 2009;
Avidan et al., 2003; Smith et al., 2013). A prominent marker of
mammalian capacitation is extensive tyrosine phosphorylation
(P-Tyr) of sperm proteins, which, in turn, is positively regulated
by cyclic-AMP-dependent kinase (PKA) (Visconti et al., 1995b).
Bicarbonate activates sperm-soluble adenylyl cyclase (SACY)
that increases cAMP and PKA activity (Chen et al., 2000) and
raises intracellular pH to activate CatSper channels (Kirichok
et al., 2006). Yet there are major unresolved links between these
events and motility changes during capacitation.
The sperm axoneme is a 9+2 structure comprised of a central
pair of singlet microtubules surrounded by nine doublet microtu-
bules. Dynein ATPases linking doublet microtubules drive their
relative motion, but in mammalian sperm, the overall planar
stroke, bend, and rotation of the flagella may be modulated by
outer dense fibers (ODFs) and the fibrous sheath (FS) that sepa-
rate the axoneme from the plasma membrane (Eddy et al., 2003;
Fawcett, 1975). Submicron flagellar dimensions have hidden
much of the relevant cell biology from visualization. Although the
cytoskeletal structures of sperm flagella can be studied by elec-
tronmicroscopy (EM) (Fawcett, 1970), ultrastructural visualization
of specific proteins is complicated by low labeling efficiency.
Here, we use super-resolution fluorescence microscopy
(Heintzmann and Gustafsson, 2009; Hell, 2009; Huang et al.,
Figure 1. 3D STORM Reproduces Known Structures in the Sperm
Flagella
(A) Reference transmission electron micrographs. Left, longitudinal section
(10,0003) near the annulus (arrowhead). Right, cross-section of principal piece
(12,0003). FS, fibrous sheath; ODF, outer dense fibers; PM, plasma mem-
brane; M, mitochondria.
(B–E) 3D STORM images of GLUT3 (B), AKAP4 (C), ODF2 (D) (V-shaped large
structure is from other sperm tails), and a/b-tubulin (E). Left, x-y projections.
Right, y-z cross-sections near the annulus (white arrowheads). The color in all
x-y projections encodes the relative distance from the focal plane along the
z axis (color scale bar in B).
(F and G) Radial profiles of TEM cross-section in A (F); and STORM cross-
sections in (B)–(E) (G). CP, central pair of microtubules; 9, nine outer doublets
of microtubules.
See also Figure S1.2010; Patterson et al., 2010) to determine the 3D distributions of
proteins within single flagella at nanometer-scale resolution. We
find that the CatSper channel forms a quadrilateral arrangement
in three dimensions that organizes structurally distinct Ca2+
signaling domains (Ca2+ domains) along the flagella. We use
genetic deletions to show that CatSper is essential in organizing
Ca2+ signaling molecules such as CaMKII, calcineurin (PP2B-
Ag), and caveolin-1 into these domains. Surprisingly, protein
P-Tyr delocalizes upon disruption of the CatSper channel, indi-
cating a functional connection between the two major signaling
pathways in sperm capacitation. Using a phosphoproteomic
approach, we profiled P-Tyr sites common to both WT and
CatSper1-null spermatozoa and find that Src family kinases(SFK) are involved in the spatial control of P-Tyr. During capaci-
tation, CatSper1 and the signaling molecules in these domains
all undergo dramatic changes, which generate heterogeneous
sperm populations. Finally, we demonstrate that intact Ca2+
domains are indispensable for hyperactivated motility, which
we correlate with normal sperm migration in vivo.
RESULTS
Sperm Ultrastructure in 3D by STORM
To determine the spatial organization of CatSper and down-
stream intraflagellar signaling, we used stochastic optical recon-
struction microscopy (STORM). STORM enables 3D reconstruc-
tion at 10–20 nm or higher resolutions (Huang et al., 2008b; Rust
et al., 2006; Xu et al., 2012; Vaughan et al., 2012). Because the
sperm tail is usually less than 1 mm wide, we visualized the mo-
lecular distribution across an entire flagellumwith 3DSTORM. As
initial controls, we determined the spatial distributions of well-
studied sperm flagellar proteins labeled with specific antibodies
and dye-conjugated secondary antibodies (Figures 1B–1E and
1G and Figures S1A–S1D available online) and compared these
to transmission electron micrographs (TEM) (Figures 1A, 1F, and
S1E). Glucose transporter 3 (GLUT3), a member of the facilitative
glucose transporter family, is present throughout the flagellar
plasma membrane (Simpson et al., 2008) (Figure S1A). As
expected, 3D STORM images of GLUT3 show a continuous
surface rim in cross-section and a uniform distribution along
the flagella (Figure 1B). STORM images of the sperm structural
proteins, such as fibrous sheath-localized A kinase anchoring
protein 4 (AKAP4), outer dense fiber protein 2 (ODF2), and
axonemal a/b-tubulin, correspond to the distribution and locali-
zation found in TEM images (Fawcett, 1970; Johnson et al.,
1997; Schalles et al., 1998) (Figures 1C–1G and S1E), validating
the ultrastructural information obtained by 3D STORM.
CatSper in Four Linear Domains along the Flagellum
We next investigated the distribution of CatSper channels on the
flagella. CatSper channel staining is highest in the first half of
principal piece (Chung et al., 2011; Liu et al., 2007; Ren et al.,
2001) (Figures 2A and S2A–S2C). In contrast to the even surface
distribution of GLUT3, CatSper1 proteins form a unique pattern
of four linear ‘‘stripes’’ running down the principal piece of the fla-
gellum (Figure 2B andMovie S1). On cross-sections of the flagel-
lum, they appear as four tight clusters (Figures 2C and S2D) and
are represented as four lines in the 2D angular profiles of the sur-
face localizations (Figures S2E and S2F). CatSperd, one of the
five subunits known to be required for functional channel forma-
tion (Chung et al., 2011), colocalizes precisely with CatSper1 in
this quadrilateral structure (Figures 2D–2F, S2G, and S2H).
CatSperb, another CatSper accessory subunit, has an identical
distribution (data not shown). Because all seven CatSper sub-
units form a protein complex and five of these are proven to be
required for function (Chung et al., 2011; Kirichok et al., 2006;
Qi et al., 2007), we presume that all CatSper subunits colocalize
within these linear domains.
CatSper1 antibodies were suitable for immuno-EM and
confirmed the quadrilateral localization of CatSper1 (Figures
2G and 2H). In EM, the 4-fold CatSper structure is apparent asCell 157, 808–822, May 8, 2014 ª2014 Elsevier Inc. 809
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Figure 2. CatSper Proteins Form Four
Linear Domains
(A) Confocal fluorescence (top) and the corre-
sponding phase-contrast (bottom) images of
immunostained CatSper1 in mouse sperm.
(B–E) 3D STORM images of CatSper1 in x-y pro-
jection (B), in y-z cross-section (C), CatSperd in x-y
projection (D), and in y-z cross-section (E) at the
initiation of the principal piece (white arrowhead).
Colors in (B) and (D) indicate the z positions (see
color scale bar in B). See also Movie S1.
(F) Colocalization of CatSper1 (green) and
CatSperd (magenta).
(G) Silver-intensified immunogold electron micro-
scope images of CatSper1 (3,0003).
(H) CatSper gold clusters/cross-section from
3,0003 images; n = 56. Note that <4 clusters are
only seen in smaller cross-sections of <500 nm
diameter, reflecting attenuation of CatSper1 fluo-
rescence in the distal region (A).
(I) A magnified cross-section. LC, longitudinal
column; CR, circumferential rib. Numbers indicate
ODFs corresponding to the microtubule pairs of
the axoneme.
(J) An off-center longitudinal section. Arrows
indicate the Ag-intensified immunogold-labeled
CatSper1.
(K) Cartoon of the sperm flagellum showing the
orientation of the EM section shown in (I) and (J).
The off-center cut is drawn to show the location of
the linear arrangement of CatSper (red) captured
in (J) relative to the underlying cytoskeletal
structures. Each domain runs along each side of
the longitudinal columns of the sperm flagella.
See also Figure S2.two double rows, each row on either side of the longitudinal
columns (Figures 2I–2K). These micrographs reveal precise
positional information with respect to underlying cytoskeletal
structures. How does this striking degree of 3D organization
serve the sperm’s unique functions?
CatSper Colocalizes with Ca2+ Signaling Molecules
The compartmentalization of the CatSper channel complex
within flagellar membrane suggests that, analogous to functional
Ca2+ compartments found in neuronal, immunological synapses,
and cilia, these structures create functional domains of Ca2+
signaling molecules. Indeed, we found a CatSper-like distribu-
tion for the constitutively active form of CaMKII (phosphorylated
at threonine 286, P-CaMKII; Figure 3A) in the principal piece.
Similar to CaMKII, the testis-specific catalytic subunit of calci-
neurin (protein phosphatase 2B; PP2B-Ag) (Muramatsu et al.,
1992; Tash et al., 1988) is in the principal piece (Figures S3A
and S3A0) and localized to the quadrilateral structures (Fig-
ure 3B). PP2B-Ag also localizes to the axonemal region of the
principal piece (Figure 3B), in agreement with calcineurin’s firm
binding to dynein (Muramatsu et al., 1992).
Like P-CaMKII (T286), PP2B-Ag, and CatSper, caveolin-1 is
localized to the principal piece (Travis et al., 2001) (Figures
S3B and S3C) and colocalizes in quadrilateral domains (Fig-
ures 3C, right, and S3D–S3F). In contrast, another principal
piece-specific protein, plasma membrane Ca2+ ATPase 4810 Cell 157, 808–822, May 8, 2014 ª2014 Elsevier Inc.(PMCA4; a Ca2+ extrusion pump), is membrane associated,
but not with any distinct organization (Figures S3G, S3I, and
S3K). The ubiquitous, soluble, and abundant Ca2+ adaptor
protein, calmodulin, appears to fill the entire flagella except for
the fibrous sheath region (Figures S3H, S3H0, and S3J). These re-
sults suggest that the CatSper-defined quadrilateral structure is
a Ca2+ signaling domain, including CaMKII (P-T286), PP2B-Ag,
and caveolin-1.
CatSper, Not Caveolin-1, Is Essential in Organizing Ca2+
Domains
Caveolin-1 is a scaffolding protein in cholesterol-rich microdo-
mains (Razani et al., 2002). One of the unusual changes during
sperm capacitation is the exodus of cholesterol from the plasma
membrane (Lin and Kan, 1996). However, caveolin-1 does not
scaffold CatSper; CatSper in caveolin-1-null spermatozoa are
localized normally (Figure S4A). Furthermore, caveolin-1-null
mice are fertile (Razani et al., 2001), and their sperm develop
normal hyperactivated motility. In contrast to caveolin-1-null
sperm, the CatSper1-null sperm Ca2+ domain is disrupted and
proteins are mislocalized. In these mice, caveolin-1 proteins
are upregulated (Figures S3C and S3C0), delocalize from the
quadrilateral structure, and become uniformly distributed in the
plasma membrane (Figures 3C0, 3D, 3E, and S4B).
Like caveolin-1, CaMKII (P-T286) and PP2B-Ag also delo-
calize in CatSper1-null spermatozoa (Figures 3A0 and 3B0),
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Figure 3. CatSper Is Essential to Ca2+ Domain Organization
(A–C) 3D STORM images of flagellar proteins: CaMKII (P-T286) (A), protein phosphatase 2B, catalytic subunit Ag (PP2B-Ag) (B), and caveolin-1 (C). Left, x-y
projections. Colors indicate z positions (see color scale bar in A). Middle, y-z cross-sections near the annulus (white arrowheads). Right, two-color STORM
images of CatSper1 (green) and P-CaMKII/PP2B-Ag/caveolin-1 (magenta).
(A0–C0) Delocalization of P-CaMKII (T286) (A0), PP2B-Ag (B0 ), and caveolin-1 (C0) in CatSper1-null spermatozoa.
(D) Cartoon of the cylindrical coordinate system for defining the radius and angles ofmolecular coordinates in STORM images. The longitudinal axis (x) is placed at
the flagellar center and the origin at the annulus.
(E) Angular distributions (left) and profiles (right) of the surface-localized P-CaMKII (T286) and caveolin-1 in WT and CatSper1-null sperm shown in A, A0,
C, and C0.
(F) Radial profiles of P-CaMKII, caveolin-1, and PP2B-Ag of WT (blue) and CatSper1-null (red) flagella shown in A, A0–C, and C0.
See also Figures S3 and S4.with CaMKII (P-T286) distributed more randomly near the
membrane (Figures 3A0 and 3E). Interestingly, PP2B-Ag disap-
pears from the quadrilateral structure but remains localized
primarily to the axoneme (Figures 3B0 and 3F), suggesting
that there are two different pools of PP2B-Ag in the flagella.
In contrast, the spatial distributions of CaM and PMCA4
are not significantly affected (data not shown). Moreover,
disruption of the sperm-specific K+ channel (Slo3) and sodiumhydrogen exchanger (sNHE) did not perturb the unique align-
ment of the CatSper Ca2+ domains (Figures S4C and S4D).
Indeed, CatSper current was unchanged in both Slo3 and
sNHE-null spermatozoa (Qi et al., 2007; Zeng et al., 2013).
Thus, the CatSper channel complex may organize the Ca2+
domains; in mice lacking CatSper, the entire CatSper com-
plex fails to form, and P-CaMKII, calcineurin, and caveolin-1
delocalize.Cell 157, 808–822, May 8, 2014 ª2014 Elsevier Inc. 811
CatSper’s Spatiotemporal Control of Protein Tyrosine
Phosphorylation
Upon hyperactivation, the CatSper-mediated Ca2+ signal is
translated into mechanical changes in the axoneme and may in-
crease flagellar glycolytic production of ATP (Ho et al., 2002;
Williams and Ford, 2001; Xia et al., 2007); these changes are
requisite for higher force generation and larger tail bend angles.
A hallmark of capacitation is abundant flagellar protein P-Tyr
(Visconti et al., 1995a, 1995b), requiring glycolytically generated
ATP (Urner et al., 2001). We thus investigated whether CatSper-
mediated Ca2+ signaling and P-Tyr are linked. P-Tyr is readily
detected in WT flagella after capacitation (Figures 4A and 4B).
Surprisingly, we find that P-Tyr is further enhanced upon capac-
itation of CatSper1-null spermatozoa (Figures 4A, right, and 4B).
P-Tyr is similarly potentiated inCatSper3-, 4-, and d-null sperma-
tozoa after in vitro capacitation (Figures S5A and S5B and data
not shown). These data suggest that disruption of the CatSper
channel complex deregulates the capacitation-initiated tyrosine
phosphorylation pathway.
We next examined whether P-Tyr inhibition requires external
Ca2+. When extracellular Ca2+ was simply lowered with BAPTA,
a Ca2+ chelator, or replaced with 2 mMMg2+ under capacitating
conditions, P-Tyr increased in WT spermatozoa (Figure S5C,
left). Conversely, P-Tyr decreased when the Ca2+ iono-
phore, ionomycin, or A23187 increased intracellular [Ca2+] in
CatSper1-null spermatozoa (Figure S5C, right). Under these
conditions, however, the sperm were less motile than WT sper-
matozoa (data not shown). Presumably, although intraflagellar
[Ca2+] increases, Ca2+ signaling effectiveness is degraded by
the loss of domain organization. We conclude that manipulating
Ca2+ influx recapitulates the extent of P-Tyr, but proper sperm
motility requires a spatially localized network.
Interestingly, the P-Tyr signal in the proximal region of the prin-
cipal piece in capacitated WT spermatozoa is confined to a re-
gion substantially narrower than the flagellar diameter (Figures
4C, 4D, S5D, and S5E), roughly defined by the outer doublets
of the axoneme (compare Figures 4E and 4F with 1E–1G)
encompassing the radial spoke proteins. In striking contrast,
P-Tyr inCatSper1-null sperm fills the extra-axonemal space (Fig-
ures 4E and 4F). Because the intensity of protein bands in immu-
noblots is increased in CatSper1-null spermatozoa (Figures 4B
and S5B), we examined tyrosine phosphorylation time courses.
P-Tyr spreads from the center of the axoneme in CatSper1-null
spermatozoa, but P-Tyr was initiated much earlier than in WT
spermatozoa (Figures 4G, 4H, and S5F–S5H). These data indi-
cate that the CatSper complex functionally confines P-Tyr to
the axoneme. One simple hypothesis is that CatSper-mediated
Ca2+ signaling slows P-Tyr in the periaxonemal regions. P-Tyr
is less confined to the axoneme in the distal principal piece
where CatSper declines (data not shown).
Profiling Capacitation-Associated P-Tyr Sites
Capacitation-associated P-Tyr in WT and its rampant counter-
part in CatSper1-null spermatozoa were analyzed with affinity
purification by tandem mass tagging (Ballif et al., 2008; De-
phoure et al., 2013). Sixty-two distinct P-Tyr sites on 45 proteins
were detected from these two cell populations (Table 1 and
Table S1). In experiments run in triplicate, almost all of the 62812 Cell 157, 808–822, May 8, 2014 ª2014 Elsevier Inc.P-Tyr peptides were detected in both WT and CatSper1-null
spermatozoa (Table S1). Of these, phosphorylation was elevated
R2-fold at 41 P-Tyr sites in CatSper1-null spermatozoa,
comprising 66% of all P-Tyr sites identified. The remaining 21
P-Tyr knockout (KO)/WT ratios varied between 0.6 and 2.0.
Constitutive P-Tyr in uncapacitated spermatozoa in WT and
null mice is minimal and primarily in the head (Figures 4A and
4B). These data suggest that P-Tyr is induced in the same pool
of flagellar proteins in WT and CatSper1-null sperm, albeit to
different levels during capacitation.
Table 1 is the tyrosine phosphoproteome of capacitated
mouse sperm. To distinguish changes in phosphorylation from
those in protein levels, phosphorylation changes were normal-
ized to protein abundance (Table S1). Only 7 of the 62 sites,
including calmodulin and hexokinase 1, were previously re-
ported (based on comparison with the PhosphoSite database
of known phosphorylation sites [Hornbeck et al., 2004]).We clas-
sified the 45 P-Tyr proteins by Gene Ontology (GO), NCBI
BLASTp along with their conserved domains, and the literature
(Table 1 and Figure 5A). Multiple kinase signaling pathways
involving separate kinase classes were identified, including the
regulatory subunit a of cAMP-dependent protein kinase type II
(PKA-RIIa), the dual specificity tyrosine-phosphorylation-regu-
lated kinase 1A (DYRK1A), and the Fps/Fes-related tyrosine
kinase (FER). Although providing an overview of tyrosine phos-
phorylation during capacitation, our focus is CatSper-dependent
changes; in 11 out of 12 structural proteins, including 5 axonemal
proteins, the P-Tyr ratio increased byR2-fold. These data sug-
gest that CatSper-dependent Ca2+ entry is linked to P-Tyr
signaling in motility regulation.
SFK Target CatSper-Dependent Pathways
Fer is a nonreceptor tyrosine kinase with a testicular isoform
associated with the acrosome-acroplaxoneme-manchette com-
plex (Kierszenbaum et al., 2008). However, Fer-null mice are
fertile (Craig et al., 2001), and the P-Tyr site is not significantly
changed between WT and CatSper1-null mice (Table 1).
Because amino and carboxyl terminal residues to the P-Tyr
site direct the specificity of tyrosine kinases, we compiled an
amino acid frequency plot of center-oriented P-Tyr motif peptide
sequences (Figure 5B) (Crooks et al., 2004). The C-terminal res-
idue (P + 1) is considered most important for specific binding by
prototypic SH2 domains. When the 41 CatSper-dependent sites
were sorted by this position, we identified 3 motifs (y[DE], y[AG],
and y[ST]) from 28 sites on 23 proteins (Figure 5C and Table S2)
that fit to previously reported SFK consensus sites (Amanchy
et al., 2007; Schwartz and Gygi, 2005). These comprise 68%
of all the CatSper-dependent P-Tyr sites identified, suggesting
that a SFK could target CatSper-dependent pathways. We
examined known SFKs and their phosphorylation states in sper-
matozoa. Src phosphorylation at an activating site (Y416) and
Lyn and Lck at inactivating sites (Y507 and Y505) increased in
capacitated CatSper1-null spermatozoa (Figure 5D), reflecting
dynamic SFK regulation (Figures 4 and S5). By STORM, phos-
phorylated Src (Y416) and Lck (Y505) were further assessed;
regardless of whether the sites were activating or inactivating,
the localization of tyrosine phosphorylated Src and Lck followed
typical P-Tyr distributions ofWT andCatSper1-null spermatozoa
Figure 4. Ca2+ Domains Confine P-Tyr to the Axoneme and Inhibit Premature P-Tyr
P-Tyr proteins are potentiated and delocalized in CatSper1-null spermatozoa.
(A) Confocal fluorescence of P-Tyr (green) from mouse sperm incubated for the indicated time under capacitating conditions. Mitochondrial import receptor
subunit, Tom20 (red), serves as reference for normalizing the intensity of P-Tyr under four different conditions. Top, WT; bottom, CatSper1-null spermatozoa.
(B) Immunoblot of total sperm cell extract by a-P-Tyr.
(C) Fluorescence image of a capacitatedWT spermatozoon coimmunostained by a-CatSper1 (red) and a-P-Tyr (green). MP, midpiece; PP, principal piece.White
lines mark the boundary.
(D) A two-color STORM cross-section of CatSper1 (red) and P-Tyr (green) in a capacitated WT sperm cell.
(E) Two-color STORM images of P-Tyr (green) and GLUT3 (red) in capacitatedWT andCatSper1-null cells. The y-z cross-sections are obtained from the proximal
to the distal part of the principal piece (same cells).
(F) Radial profiles of pY (green) and GLUT3 (red) in the STORM cross-section in (E).
(G) STORM cross-sections of P-Tyr in CatSper1-null spermatozoa at different times during capacitation.
(H) Time-course population variation of P-Tyr development in all spermatozoa imaged with 3D STORM. See also Figure S5.
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Table 1. Functional Categorization of Capacitated Sperm Proteins with Phosphorylated Tyrosines
Categorya Symbol Protein Description Position Peptide Sequenceb KO/WTc
Metabolism
Energy Nt5c1b cytosolic 50 nucleotidase 1B, isoform 2 175 DLQLRDY*AYSCDSR 13.6
202 TPPTEWKPY*AQR 8.3
548 FGTITAHVPY*GIAQK 6.8
Hk1 hexokinase-1, isoform HK1-SB 31 YLY*AMR 0.8
Gsk3a glycogen synthase kinase-3 a 279 GEPNVSY*ICSR 0.9
Pgam2 phosphoglycerate mutase 2 92 HY*GGLTGLNK 0.6
Lipid Dbil5 diazepam-binding inhibitor-like 5 (endozepine-like
peptide)
56 AKY*EAWMVNK 3.4
74 IY*IAKVEELK 1.2
Gpx4 phospholipid hydroperoxide glutathione peroxidase,
isoform cytoplasmic
96 EFAAGY*NVK 1.3
Signaling
Ca2+ Calm1 calmodulin 100 DGNGY*ISAAELR 111.9
Spa17 sperm surface protein Sp17 69 VEDRFY*NNHAFK 9.5
Fscb fibrous sheath CABYR-binding protein 73 KEY*ESLR 17.8
Kinases Prkar2a cAMP-dependent protein kinase type II a regulatory
subunit
382 NISHY*EEQLVK 2.1
Dyrk1a dual specificity tyrosine-phosphorylation-regulated
kinase 1A
321 IYQY*IQSR 1.2
Fer tyrosine-protein kinase Fer, isoform 2 657 QEDGGVY*SSSGLK 1.2
Other Pebp1 phosphatidylethanolamine-binding protein 1 181 LY*EQLSGK- 3.7
Arrdc5 arrestin domain-containing protein 5 320 LDELPY*EDHMV- 1.2
LRRD1 leucine-rich repeat and death-domain-containing
protein 1
46 SKDSNQIY*EANPSK 1.2
Structure
Periaxonemal Fsip2 fibrous sheath-interacting protein 2 630 TSLDY*QFPK 6.4
1635 SLQSTLY*SHAK 3.9
6101 ECQTASPY*TVQLPYK 4.7
6351 VVNSVY*TNLLK 6.3
Gm595 novel protein (FSIP2 like) 472 Y*LYQNTK 2.9
474 YLY*QNTK 5.7
513 MFY*EPIQIK 4.2
Akap3 A-kinase anchor protein 3 20 VGVY*SPGDNQHQDWK 4.3
86 GFCVDY*YNTTNK 3.3
Akap4 A-kinase anchor protein 4, isoform 2 138 VGDLEGDY*SK 2.3
292 TFLY*SEMCNK 4.1
438 SQSLAY*ATLK 1.4
Odf1 outer dense fiber protein 1 82 LY*CLRPSLR 1.0
154 KYSY*MNICK 2.5
174 DVTY*SYGLGSCVK 1.0
176 DVTYSY*GLGSCVK 1.0
Axonemal Rsph3a radial spoke head protein 3 homolog A 142 TAEASGLY*TYSSRPR 6.2
Dnahc1 dynein heavy chain 1, axonemal 18 EGPSSSSQGPGY*CPVKVPESHDLEK 5.3
Dnali1 axonemal dynein light intermediate polypeptide 1
(inner dynein arm light chain)
11 Y*DTPVLVSR 2.4
Spag17 sperm-associated antigen 17 (PF6 homolog, central
pair)
1785 EVTPY*FK 2.5
Spatc1 speriolin (sperm centrosome protein) 279 GNFSGTSAY*AGPAPTSK 24.2
BC061194 ortholog of H. sapiens sperm-associated antigen 6 493 YYSPGY*SDILLQR 1.5
(Continued on next page)
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Table 1. Continued
Categorya Symbol Protein Description Position Peptide Sequenceb KO/WTc
Annulus Gm11492 C17orf47 homolog (septin-4 isoform) 10 ATVY*QVYK 8.5
Head/Acrosome
Dydc1 DPY30 domain containing 1 150 TLAEISDRY*GAPNLSR 3.8
Nsfl1c NSFL1 cofactor p47, Isoform 3 169 LGAAPEEESAY*VAGERR 1.9
Capza3 F-actin-capping protein subunit a-3 289 LGYVIY*SR 1.8
Ubxn11 UBX domain-containing protein 11 56 ISLPSCY*GGIGAPVSR 7.3
Tceb1 transcription elongation factor B polypeptide 1
(SIII, Elongin-C)
8 TY*GGCEGPDAMYVK 1.9
Mitochondria
Spata18 Spermatogenesis-associated 18 homolog, isoform 3
(mitochondria-eating protein)
216 RTQDQRPQDVVSNY*EK 11.0
Nadk2 mitochondrial NAD kinase 2, isoform 3 (UPF0465
protein C5orf33 homolog)
96 GSSY*SGLLER 1.1
Uncharacterized
Ms4a14;
NYD-SP21
membrane-spanning 4 domains, subfamily A, member
14 (CD20 domain)
455 DTSPQGTPY*QYILTK 12.4
457 DTSPQGTPYQY*ILTK 6.4
C2orf81 uncharacterized protein C2orf81 homolog
(homologous to Dynactin 1)
237 VY*SPQSSLK 42.4
C11orf35 uncharacterized protein C11orf35 homolog (lamin tail
domain [LTD], homologous to intermediate filament
containing protein)
43 VAPSY*SQSAK 52.2
50 LY*TSTPMGCSVK 4.3
C11orf65 uncharacterized protein C11orf65 homolog 278 SLQSNIY*GDEAK 3.0
Gm884 novel protein Gm884 (leucine-rich repeat) 749 TINPQIY*SQVK 4.6
Not Categorized
Als2cr11 amyotrophic lateral sclerosis 2 (juvenile) chromosome
region, candidate 11 (homologous to interaptin like)
424 TTY*DIHHR 3.1
431 KY*EAISNEYGDK 1.5
Theg testicular haploid expressed gene protein, isoform 1 363 IY*ELATPK 3.2
Maats1 ;
Spata26
MAATS1 (AMY-1-associating protein expressed in
testis 1 homolog)
179 Y*AIIPTK 3.1
Ccdc136 coiled-coil domain-containing protein 136 190 IRGDY*EMEIASLR 1.7
Pex13 peroxisomal membrane protein PEX13 194 YLY*RR 0.8
Gtl3 UPF0468 protein C16orf80 homolog, isoform 1
(homologous to transcription factor II B, localized to
cilium)
184 LY*LPVQNK 2.0
Peptide and protein FDR controlled to 1%. See also Tables S1 and S2.
aAs determined by Gene Ontology (GO), NCBI BLASTp along with their conserved domains.
bAsterisk (*), phosphorylation; dash (-), protein terminus.
cAs determined by average CatSper1-KO/WT ratio normalized to protein expression.(Figure 5E versus 4E). Because c-Src-null spermatozoa develop
normal P-Tyr (Krapf et al., 2010), these data suggest that the
identified SFKs are redundant in the effusive tyrosine phosphor-
ylation of CatSper1-null sperm.
cAMP/PKA Regulation in the Periaxoneme
Calcium and bicarbonate activate soluble adenylyl cyclase
(sAC), which catalyzes the conversion of ATP to cAMP (Chen
et al., 2000; Jaiswal and Conti, 2003). Because CatSper in-
creases flagellar [Ca2+], [cAMP] and, potentially, PKA activity in-
crease. H89, an inhibitor of PKA, blocked P-Tyr development in
bothWT and CatSper1-null spermatozoa (Figure S6A), suggest-
ing that sAC and PKA initiate the P-Tyr cascade. However, PKAactivation was more robust in CatSper1-null spermatozoa
(Figure S6B), suggesting that regulation is more complex than
direct Ca2+ regulation of PKA. Upon cAMP binding, regulatory
subunits (RII) release catalytic subunits of PKA (PKA C) from
the inactive holoenzyme, thereby increasing PKA activity. We
find that PKA-RIIa is more tyrosine phosphorylated on Y382 in
CatSper1-null spermatozoa (Table 1). This indicates that PKA-
RIIa, and thus PKA activity, is modulated by a tyrosine kinase/
phosphatase, a previously unrecognized molecular mechanism.
Phosphorylation is enhanced at the inactivating sites of protein
phosphatase 1 (PP1, T320) and PP2A-C (Y307) in CatSper1-
null spermatozoa (Figure S6D). However, calyculin A, a PP1A
andPP2A inhibitor, decreasedP-Tyr onlymarginally (FigureS6A),Cell 157, 808–822, May 8, 2014 ª2014 Elsevier Inc. 815
Figure 5. Profiling P-Tyr Sites from Capaci-
tated Sperm, Related to Figure S6 and
Tables S1 and S2
(A) Annotation of 45 P-Tyr proteins from capaci-
tated WT and CatSper1-null spermatozoa.
(B) Normalized amino acid frequency plots
(WebLogo) for ± 6 residues neighboring all 62
tyrosine phosphorylation (P-Tyr) sites (top) and 41
P-Tyr sites with the 2-fold ratio cutoff betweenWT
and CatSper1-null spermatozoa (bottom).
(C) Kinase motifs extracted from the CatSper-
dependent P-Tyr sites with P + 1 restriction. Three
motifs (y[DE], y[AG], and y[ST]) fit to known Src
consensus sites. Number of peptides for each
given motif in parentheses (see Table S2 for
other motif sequences with restriction on different
positions).
(D) Protein expression and phosphorylation of
SFKs in sperm before (0 min) and after (90 min)
capacitation. Recognition of P-Src (Y416), P-Lyn
(Y507), and P-Lck (Y505). Lck and tubulin are
loading controls.
(E) STORM cross-sections of SFKs shown in (D).
(F) and (G) Validation of a pY target identified from
this study. Expression (F) and subflagellar locali-
zation (G) of phosphorylated CaM at Y100 in
capacitated (90 min) sperm.suggesting that the SFKs could indirectly regulate PKA activity
through Ser/Thr phosphatases such as PP2A or PP1.
These data and the previous literature confirm a welter of
kinase/phosphatase activity during capacitation. The CatSper-
null data provide a glimpse into the kinase cascades that are
primarily controlled by CatSper-driven Ca2+ entry, with the
surprising result that SFKs appear to be spatially restricted to
phosphorylating axonemal proteins when CatSper is present
(Figure S6E).
Ca2+ Signal Transduction Focuses CaM Tyrosine
Phosphorylation at the Axoneme
In the absence of CatSper, P-Tyr is increased in five of nine
signaling pathway proteins (Table 1). Calmodulin at Y100 ranked
highest (Table S1). As a universal Ca2+ adaptor, calmodulinmod-
ulates many proteins; in particular, phosphorylation of CaM at816 Cell 157, 808–822, May 8, 2014 ª2014 Elsevier Inc.this site enhances activation of PDE,
PMCA, CaMKII, PP2B, and NOS (Corti
et al., 1999). We assessed the expression
and subcellular localization of P-CaM
(Y100) using a phosphospecific Y100
CaMantibody and verified that it is poten-
tiated in capacitated CatSper1-null sper-
matozoa (Figure 5F; protein expression of
total CaM was not changed, Figures S7A
and S7B). By STORM imaging, CaM is
more concentrated in the center of the
flagella with some tethered at the periph-
ery of the flagella (Figure S3I). This distri-
bution was not significantly changed by
CatSper disruption (data not shown).Y100 was primarily phosphorylated in peripherally localized
CaM in CatSper-null flagella (Figure 5G). In contrast, only the
axoneme-associated fraction of CaM was tyrosine phosphory-
lated inWT spermatozoa (Figure 5G). Thus, tyrosine phosphory-
lation of CaM is spatially determined. CaM Y100 is not an SFK
substrate (Table S2), as supported by the observed P-Tyr SFK
localization in the axoneme of bothWT and CatSper1-null sper-
matozoa (Figure 5E).
Capacitation Generates Heterogeneous Sperm
Populations
We next examined the fate of CatSper Ca2+ domain proteins
after capacitation. Whereas the total amount of CaMKII remains
unchanged, roughly half of P-CaMKII is dephosphorylated at
T286 in WT spermatozoa after 90 min capacitation (Figures 6A,
6B, S7A, and S7B), which is consistent with a switch from
autonomous CaMKII (P-T286) activity to Ca2+-dependent activ-
ity (Hudmon and Schulman, 2002). Interestingly, a higher-molec-
ular-weight P-T286 CaMKII appears in CatSper1-null spermato-
zoa, perhaps due to phosphorylation at an additional site or
detection of a different CaMKII isoform phosphorylated at
T286. PP2B-Ag levels also dramatically decrease. Moreover,
CatSper1 protein levels decline significantly among CatSper
subunits, suggesting that CatSper1 is processed (Figures 6A,
6B, and S7C–S7E). Block of CatSper1 degradation by addition
of the proteasome inhibitor MG-132 (Figure S7E, top) and spe-
cific proteolysis of recombinant CatSper1 by sperm lysates
in vitro (Figure S7E, bottom) suggest that proteolytic enzymes
in sperm process CatSper1.
Protein levels changes are population averages, but capacita-
tion for individual spermatozoa varies with time. Using STORM,
we visualized individual WT sperm cells in heterogeneous
populations 90 min after capacitation. Although the intensity of
P-CaMKII and caveolin-1 in the quadrilateral structure was
reduced, the majority of proteins were not delocalized (Figures
6C, 6D, S7F, and S7G). The reduced protein level of PP2B-Ag
is manifest in the partial loss of the quadrilateral structure (Fig-
ures 6C, 6D, S7F, and S7G). As expected, the population vari-
ability (Figure 6D) was not observed when protein levels were
relatively constant during capacitation (e.g., CatSperd, GLUT3;
Figures S7A–S7D). In some cells, CaMKII (P-T286) and CatSper1
signals now appear near the axoneme (Figures 6C, 6D, and
S7G). The asymmetric molecular distribution across individual
flagella may be reflected in the well-known individual variation
in spermmotility 90min after capacitation (Neill andOlds-Clarke,
1987).
Hyperactivating Spermatozoa Are Recognized by Their
Intact CatSper Ca2+ Domains
To correlate molecular changes with sperm behavior, we per-
formed motility-correlation 3D STORM imaging of sperm cells.
Sperm were placed on photoetched grid coverslips and in vitro
capacitated, and their motion was recorded (Figure 6E and
Movie S2). During subsequent immunostaining, many hyperacti-
vated spermatozoa detached, but the remaining spermatozoa
could be back correlated to video-recorded activity via fiduciary
marks. Before sperm cells capacitated, CatSper domains were
intact without apparent P-Tyr in the tail (Figures 2G and 4A). After
90 min capacitation, the number of CatSper domains and their
organization varied (Figure 6D). Most importantly, we found
that all spermatozoa displaying hyperactivated motility main-
tained their quadrilateral CatSper Ca2+ domains and were tyro-
sine phosphorylated (Figures 6D–6F). In contrast, in some of
the nonmotile cells examined, CatSper domains degraded and
were no longer specifically confined to the principal piece (Fig-
ure 6F). We conclude that intact CatSper domains and focused
P-Tyr are required for sustained hyperactivatedmotility and suc-
cessful fertilizing capacity.
CatSper Is Required for Efficient SpermMigration in the
Oviduct
Thus far, our results suggest that a population of in vitro capaci-
tated sperm represent both intact and degenerating and/or
nonfertilizing spermatozoa. We thus examined in vivo migrationof WT and CatSper1-null spermatozoa in the female mouse
reproductive tract. CatSper1-null mouse line was crossed with
Acr-EGFP Su9-DsRed2 mice (Hasuwa et al., 2010) to enhance
sperm detection. Sperm migration from the uterus into the
oviduct first appeared 1.5 hr postcoitus in both WT and
CatSper1-nullmice, withmoreWT spermatozoa passing through
the utero-tubal junction (UTJ) (Figure S7H). By 3 hr after copu-
lation, there were substantially fewer CatSper1-null than WT
spermatozoa in the isthmus (Figure 6I; I1 and I2; Figure 6H; H1
and H2). Once in the oviduct, CatSper-null sperm might less
effectively detach from the epithelium (Ho et al., 2009) and rheo-
tax in the oviductal flow (Miki and Clapham, 2013) for migration
to the ampulla (4 to 5 hr after copulation, 10 WT spermatozoa
reach the ampullae [Miki and Clapham, 2013]). Similar numbers
of CatSper1-null spermatozoa are not present until 8 hr after
coitus, at a time when hundreds of WT spermatozoa are
detected (Figure S7I). Thus, a primary cause of CatSper1-null
male sterility is inefficient migration past the UTJ to the fertilizing
site. CatSper-null spermatozoa also have lower basal levels of
[Ca2+] (Marquez et al., 2007) and ATP (Xia et al., 2007) but higher
levels of cAMP (Carlson et al., 2005). These phenotypes may
contribute to the relatively rapid loss of overall motility observed
inCatSper-null spermatozoa during capacitation (Qi et al., 2007).
DISCUSSION
SpermCalciumChannels Are in a Highly Organized Ca2+
Distribution Network
Ca2+ is a highly localized second messenger. Subcellular com-
partments, such as the endoplasmic reticulum and mitochon-
dria, tightly control its entry and spread within a cell. In areas
of close apposition between cells, such as neuronal and
immunological synapses, molecules are arranged to further
restrict and define calcium concentrations (Clapham, 2007). In
the sperm principal piece, which lacks ER and mitochondria,
there is an especially high level of organization of molecular
structures governing calcium signaling. This may control and co-
ordinate Ca2+ signaling along the extremely long (>100 mm) and
narrow (<1 mm) tail in hyperactivated motility. The compartmen-
talized organization should serve to focus signaling, generating
stronger and faster engagement of effectors. Because sperm
rotate about their longitudinal axis as they rheotax (Miki and
Clapham, 2013), the multilinear arrangement may conserve
space and enhance detection of finite signals. In contrast, trans-
porters such as PMCA4 and GLUT3, with 103-fold slower ki-
netics than ion channels, are not compartmentalized and occupy
themaximum surface area possible. As a novel structural feature
in the sperm of marsupial and eutherian mammals, the fibrous
sheath defines the principal piece of the flagellum (Eddy,
2007). The fibrous sheath replaces the outer dense fibers just un-
der the longitudinal column and directly attaches to the #3 and
#8 microtubule doublets. Localization of CatSper alongside the
longitudinal columns may alter the flexibility of the longitudinal
columns or spatially regulate microtubule doublets. Neverthe-
less, it is clear that CatSper Ca2+ domains orchestrate the timing
and extent of complex phosphorylation cascades. These cas-
cades ultimately alter axonemal motion to initiate the character-
istic asymmetric and high angle bend of hyperactivated motility.Cell 157, 808–822, May 8, 2014 ª2014 Elsevier Inc. 817
Figure 6. Sperm with Intact CatSper Domains Hyperactivate and Migrate Efficiently
(A and B) Capacitation alters the levels of P-CaMKII, PP2B-Ag, caveolin-1, and CatSper1 in sperm. (A) Representative immunoblots from three to four experi-
ments. (B) Relative densitometry of proteins in (A). Signals normalized to tubulin and compared to uncapacitated sperm. Error bars denote SEM of paired two-
tailed t tests (*p < 0.05 and **p < 0.01). Protein declines after capacitation (p = 0.013 for P-CaMKII, p = 0.013 for PP2B-Ag, and p = 0.009 for caveolin-1). Caveolin-1
is upregulated in CatSper1-null spermatozoa (p = 0.014).
(C and D) Capacitation generates heterogeneous molecular phenotypes. (C) Variation in subflagellar localization in capacitated sperm; two representative 3D
STORM cross-sections. (D) Population variation in structures of CatSper domain components in capacitated sperm.
(E) Hyperactivated sperm have intact CatSper domains. CapacitatedWT sperm cells on grid coverslips were videotaped formotility correlation, fixed, and labeled
for 3D STORM. Two representative hyperactivating sperm cells from grid 4P. Left, phase-contrast images. Right, STORM cross-sections of CatSper1. Also see
Movie S2.
(legend continued on next page)
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It will be of particular interest to determine whether any of these
sites is phosphorylated/dephosphorylated asymmetrically along
and/or across the axoneme as hyperactivation develops.
Spatiotemporal Control of Sperm Tyrosine
Phosphorylation
Protein tyrosine phosphorylation, normally maintained until egg
interaction (Sakkas et al., 2003; Urner et al., 2001), is recognized
as the primary biochemical signature of capacitation. Even after
extended capacitation, most P-Tyr is concentrated in the
axoneme. Surprisingly, disruption of CatSper results in an in-
crease and mislocalization of P-Tyr, beginning in the axoneme
and spreading into the periaxonemal regions. Abrogation of
CatSper also resulted in the loss of temporal organization of
P-Tyr. Many observations in sperm physiology have been
restricted to detection using immunoblotting, diffraction-limited
images from conventional optical imaging, or sectioned images
from immuno-EM. Previous diverse conclusions regarding Ca2+
regulation of sperm P-Tyr development may mirror kinetic and
spatial complexity. Super-resolution fluorescence imaging at
higher time resolution would help reconcile these disparate
results.
Protein Tyrosine Phosphorylation in Sperm Structure
and Metabolism
Two decades after the recognition of capacitation-associated
P-Tyr (Visconti et al., 1995a), there is still limited information
about the kinases, their targets, and their effects on sperm func-
tion. Here, we report 62 P-Tyr peptides on 45 proteins common
to both WT and CatSper1-null spermatozoa, the most compre-
hensive list of P-Tyr sperm proteins to date. Not surprisingly
for a flagellum, 23 P-Tyr siteswere identified on 12 structural pro-
teins in the annulus, axoneme, and periaxoneme. Capacitation
increased tyrosine phosphorylation more than 2-fold in 11 of
these proteins in a CatSper-dependent manner. It is intriguing
that radial spoke head protein 3 homolog A (Rsph3a) is among
the P-Tyr structure proteins because radial spoke proteins are
prime candidates for bend angle changes in flagellated organ-
isms (Porter and Sale, 2000).
Hyperactivated motility generates more force but demands
more flagellar glycolysis in the fibrous sheath (Eddy, 2007). Mito-
chondria are compartmentalized in the midpiece and are not
necessary for prolonged flagellar activity (Mukai and Okuno,
2004).We found that capacitation induces P-Tyr of nine peptides
on six metabolic proteins. Cytosolic 50 nucleotidase 1b (Nt5C1b)
dephosphorylates the 50 and 20(30)-phosphates of deoxynucleo-
tides to regulate adenosine levels (Sala-Newby and Newby,
2001). All three localized sites on Nt5C1b peptides increase
P-Tyr level significantly in CatSper1-null spermatozoa. The
reduced basal ATP levels in CatSper-null spermatozoa (Xia
et al., 2007) and the augmented protein phosphorylation upon
capacitation could stem from activity changes induced by(F) Confined P-Tyr in hyperactivated spermatozoa. 1003 fluorescence images; C
(G–I) Impaired sperm migration from the uterus into the oviduct in CatSper1-nullm
collected fromWT females mated with DsRed2-taggedWT (H) and CatSper1-null
and uterotubal junction (UTJ, dotted line) (1) and the isthmus (2).
See also Figure S7.P-Tyr of these sites. Although not investigated here, we propose
that the CatSper distribution system supports the increased ATP
requirements during hyperactivation. The fibrous sheath that
separates the axoneme from the plasma membrane houses
testis-specific Ca2+-binding proteins such as CABYR and
FSCB (Li et al., 2007; Naaby-Hansen et al., 2002). As endoge-
nous buffers, they could limit changes in the intraflagellar
[Ca2+] or be Ca2+-dependent adaptors to metabolic enzymes
such as fibrous sheath-localized GAPDHs and LDH (Krisfalusi
et al., 2006; Miki et al., 2004).
CatSper as a Countdown Timer
Uniflagellated parasites persist for long durations within a host,
an outcome that would be detrimental if sperm cells had the
same capability. On the other hand, some spermatozoa can sur-
vive for days (humans), weeks (bats), or months (crocodiles) in
oviductal crypts (Birkhead and Moller, 1993). We showed that,
in mice, caveolin-1, P-CaMKII, and calcineurin (PP2B-Ag) are
reduced, and CatSper1 is processed 90 min after capacitation.
We propose that these changes set sperm lifetime and
eventually signal the end of motility. Exceptionally few (5–20
of 5–20million) spermatozoa reach the egg at the time of fertiliza-
tion, and perhaps selection factors initiate the demise of most
spermatozoa. Continuation of hyperactivated motility requires
the maintenance of the CatSper domains and focused P-Tyr at
the axoneme. Other sperm might have reached their expiration
date by virtue of degradation of CatSper domain components,
limiting their potential to fertilize ectopic eggs or migrate into
the peritoneum.
Future areas for investigation are the precise timing of phos-
phorylation events, the identity of the substrates of CaMKII and
calcineurin in the Ca2+ signaling domain, and the detailed links
between Ca2+ signaling and capacitation-associated PKA-
dependent protein tyrosine phosphorylation. The P-Tyr sites
identified in the study will serve as a foundation to this end.
EXPERIMENTAL PROCEDURES
Full details are provided in the Extended Experimental Procedures. Mice were
treated in accordance with guidelines approved by the Boston Children’s
Hospital Animal Care and Use Committee (IUACUC).
Spermatozoa Preparation and In Vitro Capacitation
Mouse caudal epididymal sperm were collected by swim-out in HEPES buff-
ered saline (HS) (Chung et al., 2011). To induce capacitation in vitro, sperm
cells were incubated (2 3 106 cells ml1) in human tubular fluid (HTF) media
(Millipore) for 90 min at 37C (5% CO2).
STORM Imaging
3D STORM experiments were performed as previously described (Huang
et al., 2008a, 2008b). Imaging buffer was prepared in 60% (wt/wt) sucrose
solution, increasing imaging depth to 1 mm (Huang et al., 2008a). Imaging
buffer was supplemented with 100 mM mercaptoethylamine (pH 8.5) as a
switching agent as well as an O2 scavenger (5% glucose (wt/vol), 0.5 mg/mlatSper1 (red) and P-Tyr (green).
ice. (G) Cartoon of sperm migration in the female. (H and I) Uterus and oviduct
(I) males 3 hr after coitus. Two insets indicate areas, including the end of uterus
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glucose oxidase, and 40 mg/ml catalase) to prevent photobleaching. The
sample was illuminated at 657 nm for imaging, and 405 or 532 nm to reactivate
the dye in order to excite and switch off the reporter dye, Alexa 647. For 3D
localization, a cylindrical lens (focal length = 1 m) was inserted into the detec-
tion path to enable determination of z positions from the ellipticities of the
molecular images and the x and y positions from the centroid positions (Huang
et al., 2008b). In two-color imaging, the two targets were immunolabeled with
photoswitchable dye pairs: one with Alexa405 and Alexa647 and another with
Cy3 and Alexa647. Then, an illumination sequence of one frame of activation
illumination (405 nm for Alexa405 or 532 nm for Cy3), followed by three frames
of imaging illumination (657 nm), was used to identify the targets by the wave-
length of activation lasers (Bates et al., 2007; Huang et al., 2008a).
P-Tyr Peptide Affinity Purification with Tandem Mass Tagging
Urea-digested lysates of capacitated mouse sperm cells (triplicates) were
reduced, alkylated, digested with trypsin, and reverse-phase purified (Ville´n
and Gygi, 2008). Phosphopeptides were enriched using TiO2 and TMT
labeled—WT (126, 127, and 128) and KO (129, 130, and 131) (Pierce). The non-
phosphorylated peptides from the flow-through were also TMT labeled and
used for protein quantitation. After labeling, the phospho-enriched samples
were combined and purified using tC18 Sep-Pak (Waters) and dried. The com-
bined sample was reconstituted and bound to phosphotyrosine (pY) 1,000
bead slurry (Cell Signaling Technology). P-Tyr peptides were eluted and
analyzed (see Extended Experimental Procedures). The sample was acquired
on an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific) using an
MS3 method. The Sequest search engine (Thermo Scientific) was used to
match tandemmass spectrometry (MS/MS) spectra to peptides; the false dis-
covery rate was controlled to 1% at the peptide and protein level. Site locali-
zation confidence was assessed using the Ascore algorithm. Peptides having
a sum of the TMT reporter ion signal/noise R 65 were used for quantitation.
For complete details, data may be downloaded from the http://www.
chorusproject.org network. The specific Chorus key for the data set is listed
in the Extended Experimental Procedures.SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven
figures, two tables, and two movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cell.2014.02.056.
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